Organic liquids that are essentially immiscible with water migrate through the subsurface under the influence of capillary, viscous, and buoyancy forces. These liquids originate from the improper disposal of hazardous wastes, and the spills and leaks of petroleum hydrocarbons and solvents. The flow visualization experiments described in this study examined the migration of organic liquids through the saturated zone of aquifers, with a primary focus on the behavior of the residual organic liquid saturation, referring to that portion of the organic liquid that is trapped by capillary forces. Etched glass micromodels were used to visually observe dynamic multiphase displacement processes in pore networks. The resulting fluid distributions were photographed. Pore and blob casts were produced by a technique in which an organic liquid was solidified in place within a sand column at the conclusion of a displacement. The columns were sectioned and examined under optical and scanning electron microscopes. Photomicrographs of these sections show the morphology of the organic phase and its location within the sand matrix. The photographs from both experimental techniques reveal that in the saturated zone large amounts of residual organic liquid are trapped as isolated blobs of microscopic size. The size, shape, and spatial distribution of these blobs of residual organic liquid affect the dissolution of organic liquid into the water phase and the biotransformation of organic components. These processes are of concern for the prediction of pollution migration and the design of aquifer remediation schemes.
A release of organic liquid at the ground surface will eventually reach the water-saturated zone at the top of the capillary fringe if the water table is shallow or if the volume of released organic liquid is large enough. An organic liquid less dense than water initially penetrates into the watersaturated zone, mounds, and begins to spread laterally [Albertson et al., 1986] . Later, if the source is cut off, this light organic liquid continues to redistribute laterally, the mound decays, water reimbibes upward, and capillarytrapped organics are left behind within the saturated zone. During this redistribution laterally moving organic liquid can also be trapped within the capillary fringe. A rising water table leads to the same type of organic liquid trapping of a light organic in the saturated zone. If the organic liquid is more dense than water it continues to move downward into the saturated zone once the entry pressure is exceeded [SchwilIe, 1988] . The slug of organic liquid leaves behind a trail of capillary-trapped residual as it makes its way downward toward the bottom of the aquifer, and then laterally along that barrier. For both dense and light organics, the trailing edge of a mass of migrating organic liquid leaves behind residual organic liquid that has been trapped by capillary forces [Schiegg, 1980 
The organic liquid phase is usually referred to as being immiscible with water and air. Although that expression is used here, it is important to realize that for organic phase contaminants in the saturated zone small concentrations of the various components of the organic phase dissolve into the water phase. A halo of dissolved organic components precedes the immiscible phase in its migration. Even when the so-called immiscible organic liquid has been immobilized by capillary trapping, the passing groundwater dissolves some of the residual. In effect, the residual acts as a continuing source of dissolved organic pollutants [Mercer and Cohen, 1990] . Clearly, the source, the residual liquid organic phase, must be removed or isolated in order to restore a polluted aquifer.
As components of the organic phase partition from it, the residual organic saturation is reduced over time [Miller et Often, when groundwater velocities are high enough orthe dissolution kinetics are slow enough, the local equilibrium assumption no longer holds. In a recent modeling study, Bahr [1990] Our objective is to study the pore-scale distribution of the residual organic liquid saturation using laboratory visualization tools. In this approach we directly observe blobs and their morphology within pore spaces that mimic aquifer materials, under saturated zone and water wet conditions. We then draw from these observations, suggesting implications for dissolution kinetics. We also explore some related implications for the biotransformation of organic liquids. 
Displacement of Organic Liquid by Water in a Micromodel
In the next step, water was displaced upward through the micromodel at the same rate, pushing much of the Soltrol out, but leaving behind a capillary-trapped, residual Soltrol saturation. When the model reached a new steady state saturation, additional photos were taken. Water continued to flow through the model as the photos were taken. The saturation pattern did not change when the flow was cut off. Plate lb depicts the residual organic liquid left behind. As seen in this photo, the residual organic liquid saturation is composed of disconnected blobs and ganglia which are fairly evenly distributed throughout the model and appear to occupy up to 30% of the pore space. We initially planned to conduct a quantitative size and shape analysis on these blob casts. Such analyses have been conducted on blob casts taken from oil reservoir sandstone cores and glass bead packs [Chatzis et al., 1983 [Chatzis et al., , 1988 . Unfortunately, the pore casts taken from the Sevilleta sand columns were too fragile for quantitative analysis using a particle size analyzer or image analysis. Many of the larger casts broke into several pieces when handled. The fight end of the blob cast depicted in the lower right photo of figure 5b is broken. This complex blob of roughly 15 pore bodies was even bigger before it broke. The branched blob in the lower left also appears to have broken ends. Breakage of this kind would have severely biased a size analysis. It is possible that samples from the previous studies also suffered from the same problem, and their results may be so biased. A second approach would be to use image analysis on the sectioned epoxied pore casts. This approach proved to be beyond our resources, but is strongly recommended in future research efforts.
In strongly water wet Berea sandstones, Chatzis et al. [1988] found that the majority of blobs were singlets or doublets. The largest, more complex blobs which were often branched, tended to be no larger than 10 pore bodies in size. Fifty percent of their blobs had an "equivalent diameter" in the range of 30-130/am, consistent with measured pore sizes in Berea sandstone. In water wet, uniformly sized glass beads Chatzis et al. [ 1983] found that most of the blobs were trapped as singlets (58%), much more so than in sandstone. Once again the largest blobs measured of the order of 10 pore bodies long. Although by number there were more singlets than any other blob size, they held less than 15% of the volume of the residual saturation. Blobs spanning five or more pore bodies held at least 50% of the residual, even though they constituted less than 24% of the blob numerical population.
Our size and shape analysis has been limited to visual inspection of the blob population through the microscope. Refer again to Plate 3, a photomicrograph of a Sevilleta sand pore cast, which shows many blobs. Particularly for large, branched blobs (such as those shown in Plate 3 and Figure 5 ) a large portion of the blob surface can be in contact with only a thin film of water along the pore walls. Preliminary observations in micromodels indicate that the flowing water tends to more preferentially around the blobs, through completely water-filled pores with much less water movement through the films to help advect organic components away. This initial observation requires additional experimental confirmation, but suggests that diffusion through water films to the main body of passing groundwater may sometimes be the rate-limiting step for organic constituents dissolving into the water phase. It is possible that the majority of organic constituents may enter the water through the ends or "heads" of the branched blobs, since it is likely that these "heads" are the only part of the blobs exposed to flowing groundwater. Under such a scenario, the rate-limiting factor could be the dissolution kinetics across the organic/water interthce in the heads. For large branched blobs or bypassed regions of multicomponent liquids, the mass transfer rate for a given component could also be limited by the rate of diffusion of that component within the organic phase to the organic/water interface. Since the major portion of the transfer may be occurring at the heads of these tortuous blobs, intrablob diffusion may be the rate-limiting step.
Dissolution of the organic phase will also have an effect on the permeability to water, and the increased permeability to components that partition into the aqueous phase from the nearby blob surface. Because the dissolved concentrations of the organics may be near the solubility limit they could be toxic. In any event the organisms may not have a ready supply of other growth requirements (electron donors, electron acceptors, and inorganic nutrients) which may only be able to diffuse (or flow) slowly through the thin water film. In the other pores, occupied by flowing water, wall-attached microorganisms are readily exposed to available dissolved substrates, subject only to upstream resupply. Migration of microorganisms through the pore space is probably also influenced by the spatial distribution of blobs. It may be difficult for a seed population of microorganisms to find its way into regions with thin aqueous films because of 1o• flow rates and tortuous diffusion paths. In any event, most organisms would probably not thrive in these stagnant regions because of the substrate resupply problem and the possibility of toxicity due to locally high concentrations of dissolved organics. 
